Abstract: Recent years have witnessed a revived interest in ancient wheats on account of their health-promoting properties. The aim of this study was to determine selected physical properties of hulled and hulless kernels of ancient wheats for optimizing the parameters of seed processing operations such as husking, cleaning, and sorting. The geometric parameters (length, width and thickness), mass, and angle of external friction (on steel and PVC) of hulled and hulless spelt, emmer, and einkorn kernels were determined. The spikelets and kernels of ancient wheats are characterized by similar physical properties and differ most considerably in mass.
Introduction
Emmer (Triticum dicoccon (Schrank) Schübl.), einkorn (Triticum monococcum L.), and the most widely known spelt (Triticum spelta L.) are ancient species of wheat. Emmer is the oldest ancient wheat species, and it was one of the first domesticated cereals in the Middle East, where it was cultivated already 10,000 BCE. Einkorn appeared nearly a millennium later in the Balkans and the Middle East. Spelt was first farmed around 7000-8000 BCE, and it was probably also domesticated in the Middle East. Ancient wheats have lower yields and are more difficult to process than common wheat, which is why they gradually disappeared or were preserved only in small areas in Poland and Europe. In recent years, interest in ancient wheats has been revived, in particular in organic farms [1] [2] [3] [4] [5] . Hulled wheats enjoy growing popularity on account of their health-promoting properties and growing levels of consumer awareness about the benefits of a diverse diet [6] . Ancient wheats are a valuable source of biologically active compounds that deliver health benefits [7] [8] [9] [10] [11] [12] [13] . Emmer grain is rich in fiber, protein, magnesium, and vitamins. Einkorn is a valuable source of proteins, lipids, vitamins, minerals (iron, zinc, phosphorus, potassium, manganese), and amino acids that are essential for the healthy function of the nervous system. Spelt grain has a bitter and nutty flavor, and it contains highly available proteins, unsaturated fatty acids, B and PP group vitamins and minerals (zinc, potassium, calcium, iron). The kernels of ancient wheats are enclosed by tough husks, which protect grain against pollution and radiation [14, 15] . Einkorn ears are flatter than emmer ears, they have awned spikelets with typically two to three flowers and one kernel per spikelet. Spelt is characterized by long stems and awned or awnless ears with two flowers and one or two kernels per spikelet or, in rare cases, three kernels per spikelet [15] .
Emmer, einkorn, and spelt have hulled grain that is not dehusked during threshing. Ancient wheats are harvested in the fully ripe stage as spikelets, which complicates the selection of the optimal working parameters in combine harvesters [16] . The kernels of ancient wheats are enveloped by thick husks that are not removed during harvest and require further processing. They are dehusked in devices that are not designed for this purpose, and modified clove hullers are usually used in organic farms.
The aim of this study was to determine selected physical properties of hulled and hulless kernels of ancient wheats for optimizing the parameters of seed processing operations such as husking, cleaning, and sorting. Knowledge of the physical properties of kernels and their correlations is required for designing grain-processing machines.
Materials and Methods
The experiment was performed on ancient wheat species cultivated in certified organic farms. Spelt (Triticum spelta L.) was produced in an organic farm in Praslity, municipality of Dobre Miasto in the Region of Warmia and Mazury. Emmer (Triticum dicoccon (Schrank) Schübl.) and einkorn (Triticum monococcum L.) were purchased from an organic farm in Pokrzydowo, municipality of Zbiczno in the Kujawsko-Pomorskie Region (Figure 1 ). Hulled forms of wheat were analyzed. Ancient wheats were grown on brown soil of quality classes II and III, developed from mediumheavy and light loam (representing good wheat complex and defective wheat complex, respectively, in the Polish soil classification system). The basic geometric properties of kernels and spikelets were determined by the survey sampling method [17] in randomly selected batches of 300 spikelets. Selected physical properties were determined for both individual spikelets and the isolated kernels.
The length and width of spikelets and isolated kernels were determined with the use of the MWM 2325 workshop microscope within an accuracy of 0.02 mm, thickness was measured using a thickness gauge with an indicator within an accuracy of 0.01 mm, and mass was determined with the RADWAG WAA 100/C/2 laboratory weighing scale within an accuracy of 0.1 mg, as described by Kaliniewicz et al. [18] .
The angles of static friction of spikelets and kernels on steel (roughness Ra = 0.46 µ m) and PVC (roughness Ra = 1.05 µ m) were measured to the nearest 1°, on a horizontal plane with an adjustable angle of inclination, according to the method described in [19] . Spikelets and kernels were always placed on the friction plate with the longitudinal axis perpendicular to the direction of movement.
The following parameters were calculated for every spikelet and kernel:
 geometric mean diameter, aspect ratio and sphericity index [20] :
 mass per unit area [21] : The basic geometric properties of kernels and spikelets were determined by the survey sampling method [17] in randomly selected batches of 300 spikelets. Selected physical properties were determined for both individual spikelets and the isolated kernels.
The angles of static friction of spikelets and kernels on steel (roughness Ra = 0.46 µm) and PVC (roughness Ra = 1.05 µm) were measured to the nearest 1 • , on a horizontal plane with an adjustable angle of inclination, according to the method described in [19] . Spikelets and kernels were always placed on the friction plate with the longitudinal axis perpendicular to the direction of movement.
• geometric mean diameter, aspect ratio and sphericity index [20] :
• mass per unit area [21] :
The results of measurements and calculations were processed statistically in the Statistica v. 13 program with the use of descriptive statistical methods, nonparametric tests, and correlation analysis [22, 23] . The Kruskal-Wallis test was performed to determine significant differences between the analyzed parameters when empirical data were not normally distributed. This test is conducted when the analyzed trait does not have normal distribution and does not meet the assumption of homogeneity of variance. All calculations were performed at a significance level of 0.05.
Results and Discussion
Three hundred randomly selected spikelets of ancient wheats were analyzed in each batch. A total of 580 spelt kernels, 538 emmer kernels, and 343 einkorn kernels were obtained for further analysis. Spelt and emmer spikelets contained two kernels, whereas einkorn spikelets contained one kernel, which was reflected in the total number of analyzed kernels.
The physical parameters and the calculated indicators of spikelets and isolated kernels are presented in Table 1 . The greatest variations were observed in the mass of spikelets and kernels. The coefficient of variation for spikelet mass ranged from 22.67% (einkorn) to 35.13% (emmer), and for kernel mass from 19.35% (einkorn) to 25.29% (emmer). The sphericity index of spikelets was the least varied trait for which the coefficient of variation was determined at 7.89% in spelt, 6.03% in emmer, and 4.86% in einkorn. Spikelet dimensions were determined in the following range of values:
thickness-from 2.06 (einkorn) to 5.58 (einkorn); width-from 1.91 (spelt) to 7.21 (spelt); length-from 8.52 (spelt) to 18.48 (spelt). Kernels were characterized by the lowest variation in terms of width for spelt (9.20%), sphericity index for emmer (9.28%), and geometric mean diameter for einkorn (7.91%), which could be related to the number of kernels per spikelet. Kernel dimensions were determined in the following range of values:
thickness-from 0.95 (emmer) to 3.83 (spelt); width-from 1.10 (emmer) to 4.13 (spelt); length-from 1.93 (emmer) to 11.99 (spelt).
The results of linear correlation analysis of the physical properties and the calculated indicators of spikelets and kernels are presented in Tables 2 and 3 . The most correlated physical properties were mass and width in spelt and emmer spikelets (0.649 and 0.928, respectively) and length and thickness in einkorn spikelets (0.832). Mass and thickness were the most highly correlated physical parameters in ancient wheat kernels (spelt-0.821; emmer-0.850; einkorn-0.591). The above relationships may vary because environmental conditions and agronomic practices (climate, location, fertilization, cultivations measures, etc.) during the growing season affect crop yield and quality, including kernel plumpness and the physical properties of seeds (length, width, thickness, and mass). The above factors exert varied effects on the physical properties of seeds [24] . Growing conditions have the greatest effect on average seed length, and a lesser impact on seed thickness and width, which leads to changes in the relationships between the analyzed traits. In the processes of seed cleaning and sorting, impurities cannot always be effectively separated based on only one discriminating trait. In practice, impurities are successively separated with the use of different working elements, based on several traits. Knowledge of the relationships between these traits is needed to determine correlations between two or three selected parameters of seeds, which can be used to estimate the load of the separator's working elements and predict separation efficiency [24] . Correlations exist not only between discriminating traits but also between certain qualitative traits, which supports the separation of the most valuable seeds.
The results of the Kruskal-Wallis test (Tables 4 and 5 ) revealed significant differences between the mean values of the analyzed traits (Figures 2 and 3 ) and the calculated indicators in the spikelets and kernels of ancient wheats. Significant differences in spikelet length were not observed between spelt and einkorn, and significant differences in the angle of external friction on PVC were not noted between spelt and emmer. Spelt and emmer kernels did not differ significantly in the angles of external friction on steel, and spelt and einkorn kernels did not differ significantly in the values of the sphericity index. 
Conclusions

1.
The kernels and spikelets of ancient wheats are characterized by similar coefficients of variation in the analyzed physical properties, and they differ most considerably in mass.
2.
The most correlated physical properties of ancient wheat spikelets were width and mass in spelt and emmer, and length and width in einkorn. Ancient wheat kernels were most highly correlated in terms of mass and thickness. The observed correlations can be used to plan cleaning and sorting operations in ancient wheats. 3.
The kernels of ancient wheats are difficult to husk; therefore, further research is required to optimize the threshing process.
